Single molecule analysis of individual enzymes can require oriented immobilization of the subject molecules on a detection surface. As part of a technology development project for single molecule DNA sequencing, we faced the multiple challenges of immobilizing both a DNA polymerase and its DNA template together in an active, stable complex capable of highly processive DNA synthesis on a nonstick surface. Here, we report the genetic modification of the archaeal DNA polymerase 9uN in which two biotinylated peptide 'legs' are inserted at positions flanking the DNA-binding cleft. Streptavidin binding on either side of the cleft both traps the DNA template in the polymerase and orients the complex on a biotinylated surface. We present evidence that purified polymerase-DNAstreptavidin complexes are active both in solution and immobilized on a surface. Processivity is improved from _20 nt in the unmodified polymerase to several thousand nucleotides in the engineered complexes. High-molecular weight DNA synthesized by immobilized complexes is observed moving above the surface even as it remains tethered to the polymerase. Pre-formed polymerase-DNA-streptavidin complexes can be stored frozen and subsequently thawed without dissociation or loss of activity, making them convenient for use in single molecule analysis.
INTRODUCTION
Significant interest in the sequencing of single DNA molecules dates to 1989 when Keller and colleagues began experimenting with 'sequencing by degradation'. In their experiments, isolated fully labeled DNA molecules are degraded by an exonuclease, and individual labeled bases are detected as they are sequentially cleaved from the DNA (1) (2) (3) . This approach was ultimately compromised by poor DNA solubility caused by the densely packed dye labels (R. Rigler, personal communication). More recently, alternative single-molecule approaches have been investigated, including 'sequencing by synthesis', where bases are detected one at a time as they are sequentially incorporated into DNA by a polymerase (4) (5) (6) ; and nanopore sequencing where electrical signals are detected while single DNA molecules pass through protein or solid-state nanopores (7) (8) (9) . So far, only sequencing by synthesis has been successful. In the method of Quake and colleagues (4), base-labeled nucleotide triphosphates (dNTPs) are incorporated into DNA immobilized on a microscope coverglass. Each type of dNTP is applied separately in a fluidic cycle, and incorporated bases are imaged on the surface after washing away the excess of free nucleotides. While the obtained sequence reads are short, high sequencing rates can potentially be achieved by analyzing billions of different, individual molecules in parallel (http://www.helicosbio.com), with applications in resequencing and gene expression profiling. Other applications such as denovo sequencing or cancer genome sequencing would benefit from longer reads.
To obtain long single-molecule reads, potentially tens of kilobases, we and others (5) (http://www.pacificbioscienc es.com, http://visigenbio.com) are developing sequencingby-synthesis approaches using phosphate-labeled nucleotides. These nucleotides are labeled with a fluorophore on the terminal phosphate instead of on the base. Labeled nucleotides are detected while bound to polymerase during the catalytic reaction. The label is released with pyrophosphate as the nucleotide is incorporated into DNA. An advantage is that the DNA remains label-free and fully soluble. Individual polymerase enzymes immobilized on a microscope coverglass would be monitored in real time to detect the sequence of incorporated nucleotides. In order to achieve long reads, the polymerase, but not the DNA, should be attached to the coverglass. Polymerase attachment facilitates detection because it *To whom correspondence should be addressed. Tel: +1 402 467 0714; Fax: +1 402 4670825; Email: john.williams@licor.com ß 2008 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. keeps the active site at a single position on the coverglass surface. In the alternative format, with the polymerase in solution and the DNA attached, the enzyme active site would be a moving target for detection, diffusing up to several microns from the DNA attachment point as the primer strand is extended from long templates.
Our approach using immobilized polymerases places three system requirements on the enzyme. First, it should efficiently utilize phosphate-labeled nucleotides. Starting with the Therminator TM variant of 98N DNA polymerase (10, 11) (http://www.neb.com), we used directed evolution to improve activity with phosphate-labeled dNTPs 26-fold, from 0.8 to 21 nt/s measured at 748C (manuscript in preparation). This mutant polymerase was the 'parent' enzyme for the work presented here (see Supplementary Material). The second requirement is polymerase attachment to a nonstick coverglass surface, oriented to permit access to the DNA and nucleotide substrates while allowing for the normal protein conformational changes associated with the catalytic cycle (12) . The third requirement is for extreme processivity, with the polymerase holding on to the same template DNA molecule for the duration of the sequencing run. Early release would terminate the run and limit the read length. Therminator polymerase, which we initially chose for its native tolerance of phosphate-modified dNTPs, has low processivity, 520 nt (see Supplementary Material). In this report, we describe a protein structural modification meeting the dual requirements of immobilization and processivity.
In natural systems, most DNA polymerases depend on accessory proteins to enhance processivity. For example, bacteriophage T7 DNA polymerase encircles DNA by binding with Escherichia coli thioredoxin (13, 14) ; herpes simplex virus DNA polymerase associates with a DNAbinding protein (15) ; and both prokaryotic and eukaryotic replicative polymerases attach to toroidal DNA sliding clamp proteins (16) (17) (18) (19) (20) (21) . In contrast, f29 DNA polymerase achieves processivity without accessory proteins by bridging the DNA-binding cleft with an integral protein 'finger' called TPR2 (12, 22) . Several groups have now engineered processivity into polymerases by incorporating aspects of these natural mechanisms. For example, to mimic the T7 DNA polymerase-thioredoxin mechanism, processivity was enhanced in E. coli DNA polymerase I by fusing it with an E. coli thioredoxin-binding domain (23) . A similar approach fused Taq DNA polymerase with the thioredoxin-binding domain of phage T3 DNA polymerase (24) . An archaeal PCNA-like sliding clamp was recruited to improve the processivity of Taq polymerase by fusing it with cognate archaeal-binding domain (25) . Wang et al. (26) fused the DNA-binding protein Sso7d to Taq and Pfu DNA polymerases, thereby improving processivity in both enzymes without involving accessory proteins.
In this report, we describe an artificial processivity complex that both traps the template DNA on the polymerase and facilitates oriented immobilization on biotinylated surfaces. Starting with the parent polymerase (above) adapted to phosphate-labeled dNTPs, we inserted AviTag TM peptide 'legs' at two surface-exposed locations flanking the DNA-binding cleft. The AviTag peptides provide highly specific sites for enzymatic biotinylation of the polymerase by E. coli biotin-protein ligase. Processivity is enhanced with streptavidin binding the AviTag legs, retaining the template in the DNA-binding cleft. We show that the template DNA is stably associated with the polymerase, and that the polymerase-DNAstreptavidin complexes are active both in solution and when immobilized on biotinylated coverglass surfaces. We demonstrate that the clamp converts a naturally nonprocessive DNA polymerase into a highly processive one capable of incorporating thousands of nucleotides without dissociating from the template.
MATERIALS AND METHODS

Materials
Buffer C was used for protein dilutions and polymerase assays: 10 mM Tris-Cl pH 8.0, 50 mM KCl, 0.1% Tween-20, 0.1 mM EDTA; '10Â' buffer C is 10-fold concentrated buffer C. Isoelectric focusing gels were from Invitrogen, Carlsbad, CA (Novex pH 3-10, Cat No. EC6655A5). Alexa Fluor-680-labeled streptavidin was from Invitrogen and unlabeled NeutrAvidin was from Thermo Scientific/Pierce Biotechnology, Rockford, IL. Biotincoated magnetic beads used in purifying the complexes were from Bangs Laboratories, Fishers, IN (BioMag beads cat #BM552, 1.5 mm diameter, concentration 5.2 mg/ml, binding capacity 3.5 mg streptavidin/ml).
Polymerase AviTag constructs
The starting enzyme was a mutant of Therminator DNA polymerase (http://www.neb.com) adapted by directed evolution for efficient utilization of phosphate-labeled nucleotides (manuscript in preparation). AviTag is a peptide substrate for E. coli biotin-protein ligase which, when fused to a target protein, provides a site for efficient enzymatic biotinylation (http://www.avidity.com). The overlapping primer PCR method of Chiu et al. (27) was used to insert AviTag in the mutant polymerase at two positions (Therminator coordinates K53-V54 and K229-F230). The 21-amino acid insertion ssGLNDIFEAQ KIEWHEgass comprises AviTag (upper case) flanked by arbitrarily chosen amino acids (lower case); enzymatic biotinylation occurs at the epsilon-amine of the lysine (K). The starting plasmid was a 6.4-kb pBAD-HisC plasmid (Invitrogen) containing the mutant polymerase gene. Details of the construction procedures are given in Supplementary Material.
Polymerase purification
The His-tagged polymerases were expressed from a pBAD plasmid vector (Invitrogen) either in E. coli TOP-10 (for nonbiotinylated polymerase; Invitrogen) or in E. coli AVB100 (for in vivo biotinylation; http://www.avidity. com). Briefly, 25 ml cultures were inoculated from an overnight culture and grown under ampicillin selection to an absorbance at 600 nm of 0.6-0.8 at 378C. The cells were then induced by adding arabinose (0.04% final) and grown for an additional 4 h at 378C. After harvesting by centrifugation, the induced cells were incubated with 2.5 mg/ml lysozyme in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, 0.05% Tween-20) containing protease inhibitors for 20 min on ice. Following two freeze/thaw cycles, the lyzed cells were sonicated to decrease viscosity, heated to 758C for 15 min to denature E. coli enzymes, and precleared by centrifugation. The lysate was incubated for 1 h at 48C with Ni-NTA-agarose (Qiagen, Valencia, CA, USA) to capture the His-tagged proteins. The resin was washed with 20 mM imidazole buffer and protein eluted with buffer containing 200 mM imidazole. The elution buffer was exchanged in one of two ways, depending on whether or not the purified polymerase was to be further biotinylated in vitro. For the parent polymerase without AviTag legs, the preparation was dialyzed overnight against storage buffer (10 mM Tris-HCl pH 8.0, 100 mM KCl, 0.1 mM EDTA, 1 mM DTT). With the imidazole now removed, the protein concentration was determined by UV absorbance (extinction coefficient calculated by amino acid composition at http://expasy.org/ tools/protparam.html, giving a molar extinction coefficient for the parent polymerase of 144 000/cm at 280 nm), IGEPAL CA-630 detergent (Sigma-Aldrich, St. Louis, MO) was added to 0.02% w/v, and an equal volume of glycerol was added to a final concentration of 50% for storage at À208C. Typical final protein concentrations were 1-5 mM in polymerase. Alternatively, to further biotinylate those polymerase variants having AviTag legs, the protein eluted in imidazole buffer was washed three times on a Microcon YM-30 centrifugal filter (Millipore, Billerica, MA) by first centrifuging up to 1 ml of sample at 14 000g for 12 min. The sample was washed three times by rediluting the concentrated protein in 500 ml of 10 mM Tris-Cl pH 8.0 and centrifuging. Protein concentration was measured as above and the sample was biotinylated in vitro using a kit from Avidity, Aurora, CO (cat #BIRA500) at 12 mM in polymerase. After incubating at 308C for 4 h, the sample was washed five times in storage buffer using a YM-30 centrifugal filter. Protein concentration was measured by UV absorbance, then IGEPAL and glycerol were added as above. In vitro biotinylation was found not to improve the level of biotinylation of polymerase expressed in E. coli AVB100 (data not shown, but measured as in Figure 3 ). Still, the in vivo-biotinylated polymerase preparations were routinely biotinylated further, in vitro, in order to always ensure maximum levels of biotinylation.
Primed M13 DNA
The DNA (20 nM) and primer (30 nM) were annealed in a 400 ml volume containing 272 ml of water, 40 ml of 10Â buffer salts (100 mM Tris-Cl pH 7.5, 500 mM KCl), 76 ml of M13 single-stranded DNA (104 nM; New England Biolabs, Ipswich, MA) and 12 ml of either an unlabeled primer (1 mM of 5 0 -cgcctgcaacagtgccacgctgagagcc, desalted grade, Integrated DNA Technologies, Inc., Coralville, IA) or a 5 0 -labeled primer (1 mM of IRDye TM -700 5 0 -cacgacgttgtaaaacgacggccagtgc, LI-COR Biosciences Inc.). The samples (4 each of 100 ml aliquots) were heated in a PCR thermocycler (Bio-Rad Laboratories/MJ Research, Hercules, CA) at 958C for 2 min, 608C for 10 min, ramp 0.18C/s to 308C and were stored at À208C.
Therminator processivity
A gel-based primer extension assay was used to determine processivity in the parent polymerase (see Supplementary  Material) . Processivity values were calculated as the inverse of the decay constant in exponential fits to lane profiles of electrophoretic band intensities. Native Therminator processivity was 520 nt as measured under conditions similar to those used in experiments with complexes.
Ternary complexes
A 50-ml sample containing 14 nM of primed M13 ssDNA, 28 nM of polymerase and 56 nM of streptavidin was prepared in two steps by first mixing 8 ml of water, 5 ml of 10Â buffer C, 35 ml of primed M13 ssDNA and 1.4 ml of 1 mM polymerase; incubating at 558C for 2 min; adding 0.56 ml of 5 mM streptavidin and incubating at 378C for 15 min. Required protein dilutions were in buffer C. Complexes were purified from excess streptavidin (total streptavidin 2.8e-12 moles) by adding 10 ml (52 ng) of BioMag beads (streptavidin binding capacity 3.1e-12 moles/52 ng; Bangs Labs) and inverting the sample on a rotating wheel at 12 r.p.m. for 10 min, which allows time for fast binding of free streptavidin but not for the much slower binding of the stearically encumbered complexes. The beads were removed with a magnet (Promega, Madison, WI), the 60 ml supernatant was transferred to a new tube and the bead-binding procedure was repeated as before. The purified complexes (70 ml supernatant) were stored at 48C for up to a week, or stored frozen at À808C for future use. Assuming 100% conversion of the M13 DNA into complexes, the final concentration would be 10 nM in complexes.
Polymerization kinetics of ternary complexes
Primer extension on purified complexes was quantified as a function of dNTP concentration. Purified ternary complexes were prepared as described (see Ternary complexes section) using the 5 0 -labeled primed M13 template (see Primed M13 DNA section). Primer extension reactions were initiated by mixing 6 ml of 2Â concentrated component mix (below) plus 6 ml of 10 nM complexes. Incubation was at 548C for 60 s and reactions were terminated by adding 12 ml of formamide-EDTA gel loading buffer (LI-COR cat# 830-04997). The final concentration of all reaction components was 20 mM Tris-HCl pH 9.2, 50 mM KCl, 5 mM MgSO 4 , 0.02% IGEPAL and 1-400 mM each of the four unlabeled dNTPs. Control samples with uncomplexed polymerase were as above, but replacing complexes with a mixture of 11 nM of M13 DNA, 10 nM of labeled primer and a saturating amount of polymerase (as shown by doubling the polymerase amount with no effect on the kinetic measurements). Primer extension products were resolved by electrophoresis in a 10% polyacrylamide TBE-Urea slab gel and were detected by fluorescence (LI-COR 4200 DNA Analyzer, Lincoln, NE, USA). A size standard was included on the gel to calibrate the lengths of the primer extension products. The number-average of nucleotides added per second per complex was determined by image analysis using Image J (http://rsb.info.nih.gov/ij/), where the intensity of each band was weighted by its molecular size (nt); in this approach, it is not necessary to know the concentration of the complexes. Plots of v versus v/s were used to determine K m (Àslope) and V max (y-intercept), where v is nucleotides per second and s is the molar concentration of each dNTP.
Immobilization
Microscope coverglass (Corning No. 1-1/2, Corning Inc., Lowell, MA) was coated with indium-tin oxide (ITO, 140 ohm/square, ZC&R Inc., Torrance, CA) film as a binder for a polyethylene oxide (PEG) nonstick coating (below). Chambers were formed on the coverglass by first applying an adhesive Mylar TM tape (70 mm thick, 3 Â 4 array of 1/32" diameter holes, Grace Bio Labs, Bend, OR) to the ITO, then applying an adhesive silicone rubber mat (1/16" thick, 1/8" diameter holes, Grace Bio Labs) in array-register to the tape. The ITO surface in each 1/8" diameter chamber was coated with the polyethylene-oxide-DOPA 3 block copolymers mPEG-2000-DP3 and biotin-mPEG-3400-DP3 (Supplementary Figure S2 ) from Nerites Corporation, Madison, WI (http://www.nerites.com) as follows. Each compound was dissolved under a nitrogen atmosphere at 1 mg/ml in 0.6 M K 2 SO 4 , 0.1 M MOPS-KOH buffer, pH 6 and stored in 200 ml single-use aliquots in sealed tubes at À808C. A 1:8 mixture of the unbiotinylated and biotinylated compounds, respectively, was applied to the chambers. The chambers were sealed with a plastic coverslip, placed in a humid sealed jar, and incubated for 20 h in a 608C oven to allow the tri-DOPA moiety to bind to the metal oxide surface. The chambers were rinsed with water and were stored dry, in the dark and in the ambient atmosphere, for up to 2 months before use. Purified complexes, nominally 10 nM in buffer C, were applied in 1 ml volumes to the coated chambers. The chambers were sealed with a plastic coverslip, placed in a sealed humid jar, and incubated at 508C for 90 min to allow the complexes to bind to the biotinylated surface. The chambers were rinsed with water and stored filled with water at 48C for up to 12 h before use. The chambers are shown in Supplementary  Figure S3 .
Microscopy
Movies and images of immobilized complexes were obtained with a Roper Cascade 512 electron-multiplying CCD camera (Roper/Photometrics, Tucson, AZ) on an Olympus IX-70 inverted microscope fitted with the Olympus TIRF accessory. An Ar-Kr mixed gas laser was used for illumination at 488 nm (Spectra-Physics, Mountain View, CA; Stabilite 2018).
RESULTS
Processivity clamp design
Our objectives were to form an irreversible, catalytically active complex between a polymerase and a DNA template, and to orient the complexes on a nonstick surface for single DNA molecule sequencing. We would start with a mutant of Therminator DNA polymerase already selected by directed evolution for the efficient utilization of phosphate-labeled nucleotides (see Introduction section). Like other family B DNA polymerases, Therminator binds DNA in a cleft intersecting the nucleotide binding site (28,29) ( Figure 1A ). We reasoned that DNA could be trapped in the polymerase by bridging the DNA-binding cleft with streptavidin and binding the complex to a substrate ( Figure 1B) . This scheme requires specific biotinylation at two surface locations on the polymerase, one on each side of the cleft. The tetravalent binding capacity of streptavidin and its strong affinity for biotin (30) could be utilized to bind the biotinylated polymerase to a biotinylated surface. For this architecture to succeed, the polymerase should be specifically biotinylated at the two locations flanking the DNA-binding cleft. This would be achieved by engineering the polymerase gene with two AviTag peptide 'legs' inserted at the surface-exposed amino acid positions K53 and K229 flanking the DNAbinding cleft ( Figure 1B) . AviTag is an artificial peptide substrate efficiently biotinylated by E. coli biotin-protein ligase (31) (http://www.avidity.com). The two AviTag legs would not only facilitate biotinylation but, in projecting up to 25 Å outward from the polymerase surface, should also allow ample clearance for the single-stranded template DNA to feed into the DNA-binding cleft. In an animated model of the structurally related RB69 DNA polymerase (http://www.csb.yale.edu/people/wang/rb69/ Movies.html), the structurally homologous locations of the two AviTag insertions in Therminator polymerase appear to be relatively rigid, with little or no participation in the major conformational changes accompanying the polymerization catalytic cycle (12) . As such, surface attachment at these points should compatible with polymerase activity.
Polymerase modification
An oligonucleotide encoding the AviTag peptide was inserted in the parent polymerase gene at one or both of the targeted locations (see Materials and Methods section). The progenitor gene for Therminator DNA polymerase had originally been obtained from New England Biolabs and then was recloned into a pBAD expression vector (Invitrogen), giving it a C-terminal hexahistidine tag to enable affinity purification with Ni-NTA beads. Five rounds of directed evolution resulted in seven new mutations adapting the polymerase to the efficient utilization of phosphate-labeled nucleotides (T.M. Urlacher, manuscript in preperation). Starting with this polymerase, we prepared constructs having an AviTag leg inserted between K53-V54 (construct 'B53'), between K229-F230 ('B229') or at both locations ('DBio'). Candidate constructs were screened by PCR from E. coli colonies and were confirmed by DNA sequencing. The modified proteins were expressed in E. coli AVB100 in order to biotinylate the AviTag legs in vivo (http://www.avidity.com). The engineered polymerases were affinity purified using Ni-NTA beads and then further biotinylated in vitro with biotin-protein ligase (see Materials and
Methods section). The biotinylated polymerases were evaluated for purity on an SDS-PAGE gel (Figure 2 ).
Binary complexes of polymerase and streptavidin
To estimate the extent of biotinylation, we mixed increasing amounts of the DBio polymerase (0-10 nM) with a fixed amount of fluorophore-labeled streptavidin (0.5 nM). The obtained complexes were resolved in an isoelectric focusing gel and bands containing labeled streptavidin were imaged using a LI-COR infrared fluorescence imager (Figure 3 ). The amount of bound streptavidin increased with polymerase concentration, with nearly all of the streptavidin bound by a 2-fold molar excess of polymerase. This indicates that at least half of the polymerase proteins are biotinylated and capable of binding streptavidin, which is sufficient to proceed with DNA-binding experiments.
Ternary complexes of polymerase, DNA and streptavidin
All four polymerase variants were tested for the ability to form stable ternary complexes with DNA and streptavidin. In this experiment, primed M13 DNA, polymerase and labeled streptavidin were mixed in a molar ratio of 1:2:4, respectively. The DNA and polymerase were mixed first, then streptavidin was added with the idea of trapping the DNA in the polymerase. The products were resolved by agarose gel electrophoresis and the infrared fluorescence signal was imaged to reveal the labeled streptavidin ( Figure 4A ). The DNA was separately imaged by staining the gel with SYBR Gold and photographing under UV illumination ( Figure 4B ). Complexes were identified as labeled streptavidin comigrating with either the circular or linear M13 DNA. The important result is that ternary complexes are observed and that their formation depends on the presence of a polymerase with at least one AviTag leg. So, although the polymerase is unlabeled and thus not directly detectable, the requirement for biotinylated polymerase in binding labeled streptavidin to DNA establishes that the complexes comprise all three components. These results leave unresolved the question of whether ternary complexes comprise one streptavidin binding across both legs of the DBio polymerase, or if instead there are two streptavidins, one binding to each leg ( Figure 1B ). Approximately twice (2.1-fold) as much streptavidin was bound by the DBio polymerase as compared to the singleleg variants ( Figure 4A ), suggesting that there is one streptavidin bound per leg. That is, the protein configuration may prevent a single streptavidin spanning the two legs.
Purification
To minimize competitive binding to biotinylated surfaces, the ternary complexes were purified from the excess of streptavidin used in preparation. We developed a simple procedure based on the faster binding of streptavidin to biotinylated magnetic beads as compared to the slower binding of the bulky ternary complexes. In this procedure, biotinylated magnetic beads are added to unpurified complexes in sufficient capacity to bind all of the streptavidin present. The sample is mixed for 10 min at room temperature, the beads are magnetically removed, and the process is repeated once. These purified complexes are largely free of excess streptavidin ( Figure 4C ). No additional label is removed by further cycles of purification, indicating that essentially all of the functional streptavidin is removed by the two cycles of bead purification. With the complexes being formed from a 1 : 2 : 4 mixture of DNA: polymerase: streptavidin, most of the polymerase not associated with DNA is likely to be in binary complex with streptavidin. As such, the kinetics-based purification procedure would remove not only excess streptavidin, but also excess streptavidin-polymerase complexes.
Thermal stability
We determined the thermal stability of ternary complexes to see if they could be used near the 748C temperature optimum of the polymerase. Purified ternary complexes made with labeled streptavidin were incubated between 208C and 708C for 2 h and the fraction of complexes surviving intact was determined by agarose gel electrophoresis ( Figure 5A ). Incubation at 708C resulted in nearly complete dissociation of streptavidin from the DNA, which seems to rule out using the complexes at the optimal 748C polymerization temperature. Interpolating the plot in Figure 5B , we identify 548C as optimal for testing the polymerization activity of ternary complexes, where about 45% of the complexes survived intact after 2 h incubation and where polymerase activity is about one-third the maximum at 748C (not shown). The apparent stabilities measured here could have been affected by reassociation occurring in the time period ($10 min) between cooling the samples and separating the components by electrophoresis.
Activity of ternary complexes in solution
To see if the ternary complexes are catalytically active in solution, purified complexes were incubated with unlabeled dNTPs to allow for primer extension on the associated M13 templates. Samples were incubated at 548C for times up to 90 min and primer extension products were resolved on an agarose gel. DNA products were imaged by staining with SYBR Gold TM . The complexes appear capable of highly processive DNA synthesis, as indicated by the full-length products obtained at the longer incubation times ( Figure 6A, lanes 2-6) . The majority of the labeled streptavidin remained associated with the DNA product bands, which suggests that the complexes remained mostly intact for the 90-min duration of the reaction ( Figure 6B ). There was little or no evidence for strand displacement synthesis by the complexes, which would be revealed as high molecular weight DNA trapped in the wells as seen, for example, with the stranddisplacing DNA polymerase f-29 (Supplementary Figure S4 ).
Polymerization kinetics in solution
Kinetic constants of purified complexes were determined in a primer extension assay. In this experiment, the streptavidin was unlabeled and an infrared dye-labeled primer was used to the detect primer extension products with single-base resolution. Samples were incubated for 60 s at 548C with unlabeled dNTP concentrations of from 1 to 400 mM each. Primer extension products were resolved by electrophoresis in an automated sequencer (LI-COR 4200). Each lane on the gel was analyzed to quantify the average number of nucleotides incorporated per template molecule (see Materials and Methods section), and polymerization rates were calculated at each dNTP concentration. A reciprocal plot gave K m[dNTP] = 54 mM and V max = 3.4 nt/s for the purified complexes ( Figure 7) . By comparison, a control experiment showed that free, uncomplexed polymerase had a greater affinity for nucleotides and a faster polymerization rate (K m[dNTP] = 21 mM and V max = 12.0 nt/s measured at 548C).
Activity of immobilized complexes
The thermal stability and activity of ternary complexes in solution suggests they are capable of processive DNA synthesis ( Figures 5 and 6) . To confirm and extend this result, we determined whether the complexes are active when immobilized on a surface. Microscope coverglass chambers were coated with a 1:8 mixture of biotinyl-PEG3400 and PEG2000 polymers to provide a nonstick surface capable of specifically binding streptavidin (see Materials and Methods section). A solution of unlabeled ternary complexes was applied to the chambers and allowed to bind for 90 min. The chambers were washed to remove unbound complexes and a nucleotide cocktail containing base-labeled AlexaFluor-488-dUTP plus unlabeled dATP, dCTP and dGTP was added. After incubation at 548C for 2½ h, the chambers were washed to remove free nucleotides and the coverglass surface was imaged by TIRF microscopy. A field of bright fluorescent spots was seen ( Figure 8A) . Each spot is believed to mark a single, multiply labeled DNA molecule synthesized by surface-attached complexes. This conclusion is supported by two additional observations ruling out the possibility that the bright spots are nonspecifically adsorbed clusters of labeled dUTP. First, no spots were observed in a negative control omitting Mg ++ , which is required for base incorporation ( Figure 8B) . Second, the spots were seen moving freely back and forth while still remaining tethered to the surface ( Figure 8C , and Supplementary Movie M1). This behavior is consistent with individual, labeled DNA molecules retained by individual polymerases, as illustrated in Figure 1B .
Complexes can be stored frozen for subsequent use
In the course of doing this work, we found that complexes could be stored for up to 1 week at 48C with minimal loss in activity. For purposes of single-molecule DNA sequencing, however, it would be more convenient to prepare complexes with genomic DNA samples in advance and store them indefinitely until needed. To see if preformed complexes could be frozen without losing activity, we prepared samples in buffer alone or in buffer plus 25% glycerol. Aliquots were frozen in liquid nitrogen, stored overnight at À808C and thawed at ambient temperature. Samples were tested by incubating with unlabeled dNTPs at 548C for 30 min and analyzed on an agarose gel ( Figure 9 ). Both of the frozen samples not only survived intact, but also showed full activity indistinguishable from a not-frozen control. Since damage to complexes is most likely to occur during freezing and thawing, we believe that these engineered complexes could be frozen indefinitely until needed.
DISCUSSION
We have shown that immobilization of a polymerase-DNA complex on a solid surface enhances processivity. This was accomplished by engineering the polymerase with two biotinylated AviTag peptide legs located on either side of the DNA-binding cleft. Both insertions were compatible with the protein structure of the polymerase, allowing it to be overexpressed and biotinylated in E. coli. Stable ternary complexes of polymerase, primed template DNA and streptavidin could be immobilized on a biotinylated, nonstick surface. The expected architecture of immobilized complexes suggests that the template DNA would thread through a tunnel formed by the body of the polymerase, the AviTag legs and the surface ( Figure 1B) . The ternary complexes were first assembled in solution, then purified from excess streptavidin and finally were immobilized on the surface. In theory, an alternative assembly pathway might have been used, where binary complexes of the biotinylated polymerase and DNA would be directly attached to a surface precoated with streptavidin. This potentially simpler route was not attempted in the present work, however, because of the known slower binding of protein-DNA complexes to surfaces as compared to the binding of free protein. This was the basis of our purification method. Since the DNA exists in a random coil configuration, polymerase bound to DNA would be relatively inaccessible and binding to the surface would be slow. With free polymerase and DNA in equilibrium with complexes, transiently unbound polymerase molecules would quickly bind to the surface, resulting in a decreased number of immobilized complexes.
Experiments with ternary complexes in solution provided estimates of kinetic constants and processivity. We found that the complexes are somewhat compromised in DNA synthesis, showing an increased requirement for dNTPs and a slower catalytic rate (2.6-fold higher K m and 3.5-fold lower V max ) compared to the free polymerase ( Figure 7) . In solution, processivity was apparently enhanced from the520 nt characteristic of the Therminator parent polymerase (see Supplementary Material), to >7 kb in the ternary complexes ( Figure 6 ). Whereas the processivity of stable complexes was estimated in a simple primer extension reaction ( Figure 6 ), a more elaborate assay was required to quantify processivity of the Therminator parent (see Supplementary Material) . The difference is that for complexes, each individual polymerase is stably associated with an individual DNA template, so that processivity can be estimated by simple primer extension. On the other hand, the Therminator parent is free to exchange among different template molecules during the primer extension reaction, preventing direct assessment of processivity by simple primer extension.
Fidelity of the immobilized complexes was not determined. An analysis of fidelity would ideally require amplifying, cloning and sequencing in an unbiased manner the small population of individual DNA molecules polymerized on the surface, taking into account that the original M13 template is also present on the surface. In the worst case, which is ruled out, we believe, by the results in Figure 6 , the complexes could be synthesizing DNA by terminal transferase polymerization, independent of the template. Figure 6 shows that primer extension products of circular DNA complexes (upper bands) migrated slower in the gel relative to the single-stranded circular template, while extension products of the linear complexes 
Sample
untreated FT/gly FT/buf dNTPs + − + − + − Figure 9 . Complexes are stable to freezing and thawing. Purified complexes (3 nM) made with Alexa Fluor-680 streptavidin were treated by freezing 20 ml aliquots in liquid nitrogen, storing overnight at À80 and thawing at 208C. Treated samples (FT) were in buffer C alone (buf) or in buffer C plus 25% glycerol (gly). The thawed complexes were tested for activity by incubating 2 ml of complexes in the presence or absence (AE) of 200 mM each of dATP, dCTP, dGTP and dTTP in a final volume of 10 ml buffer C at 558C for 30 min. Primer extension products were resolved by electrophoresis in a 1.5% agarose gel and the labeled streptavidin component was imaged using a LI-COR Odyssey infrared imager. An unfrozen control was held overnight at 48C (untreated).
(lower bands) migrated faster than the linear template. This observed template specificity suggests that the primer extension products are from templated polymerization, and are not mere products of template-independent terminal transferase activity peculiar to the complexes.
Enhanced processivity in the complexes was further demonstrated by direct observation of the primer extension products of individual surface-attached complexes. Immobilized complexes were exposed to a cocktail of unlabeled dATP, dCTP and dGTP plus base-labeled dUTP. After incubation for 90 min, the surface was rinsed to remove unincorporated nucleotides. DNA released from dissociated complexes would also be removed, so that the only remaining DNA would be that associated with immobilized complexes (Figure 8 ). Individual labeled DNA spots were seen moving back and forth even as they remained tethered to the surface (Supplementary Movie M1), consistent with the concept of Figure 1 . The extent of this DNA motion allows for a rough estimate of processivity. For example, Figure 8C shows an example where a DNA spot appears to have moved about 1 m between consecutive movie frames. Assuming the polymerase attachment point was at the center of this particular motion, the DNA tether fully stretched would be a minimum of 0.5 m in length, which corresponds to 1.5 kb of DNA. Such a stretched tether, plus the apparently larger amount of DNA in the bulk fluorescent spot, argues for a processivity of several thousand nucleotides achieved by this engineered, immobilized polymerase.
